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$\partial_{t}h+\partial_{x}[\frac{2}{3}h^{3}+(\frac{8}{15}Rh^{6}$ $- \frac{2}{3}(\cot\alpha)h^{3}\mathrm{I}^{\partial_{x}h}+\frac{2}{3}Wh^{3}\partial_{x}3h]=0$ (1)
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$\partial_{t}\phi+\partial_{x}(\emptyset^{2})+\partial^{2}x(\phi+\epsilon\emptyset 2)+\partial_{x}4\phi=0$ (2)




















$\partial_{t}(\rho u)+\mathrm{d}\mathrm{i}\mathrm{v}[\rho\tau lu-\mathcal{T}]rightarrow=\rho g$ (3)
$\mathrm{d}\mathrm{i}\mathrm{v}\mathrm{o}\iota=0$ (4)
$\rho=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{s}\mathrm{t}.$ , $u={}^{t}[u, w]$ , $g={}^{t}[g_{x}, -g_{z}]=g^{t}[\sin\alpha, -\cos\alpha]$
\leftrightarrow \tau





n : .. $\cdot$
$rightarrow\tau\cdot n|_{zh}==\tau*n$ (7)










$\mathcal{T}_{XZ}|_{z}=\mathit{0}=\rho g_{x}\text{ }0$ (11)
$g_{x}=g\sin\alpha$ ..
’
– h , $x,$ $z$
0 $u$ , w $U$ $t$ $h_{0}/U$ $p$ -Patm $p$ $P$ \tau \rho gxh0
A \alpha
R W





$Q=Q\mathrm{o}[\text{ }]+\mu Q_{1}[h, \partial_{x\text{ }}h]+\mu^{2}Q2$ [ $h,$ $\partial_{x_{1}}$ , $\partial_{x_{1}}^{2}h$ ] $+\cdots$ (12)
$\mathrm{B}$
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[5, 6, 7, 8] (12) $Q_{1}$ $Q_{2}$
$\mathrm{r}$
$\partial t\text{ }+\partial_{x}Q=0$ , $Q= \int_{\mathit{0}}^{h}udz$ (13)
$Q_{1}$ (1)
















$\hat{L}$ (regularizer, regularization $\mathrm{o}\mathrm{p}\mathrm{e}\mathrm{r}\mathrm{a}\mathrm{t}\mathrm{o}\mathrm{r}$ ) $\text{ }\hat{L}$




\mu $\overline{h}$ $\phi$ \mbox{\boldmath $\phi$} $k\sim\mu$
$\epsilon$
$\text{ }\simeq-h\sim 1$ (21)
$]\partial_{x_{1}}\overline{h}|\ll|\partial_{x_{1}}\overline{\phi}|\sim|\phi|\sim\epsilon\ll 1$ (22)
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(20) (53)(55) $(56)$ $(2\ddagger)(22)$
$Q_{2}=[ \frac{32}{63}R^{2}h^{10_{-}}\frac{40}{63}$ (-R $\cot\alpha$ ) $h7+2 \text{ ^{}4}]\partial_{x_{1}}^{2}\phi+\frac{40}{63}\tilde{W}Rh^{7}\partial_{x_{1}}^{4}\phi+O(\epsilon^{2})$ (23)
$\partial_{x_{1}}Q_{1}=[\frac{8}{15}R\text{ ^{}6}-\frac{2}{3}\text{ }3\cot\alpha]\partial_{x_{1}}^{2}\phi+\frac{2}{3}\tilde{W}\text{ ^{}3}\partial_{x}^{4}\emptyset 1+O(\epsilon)2$ (24)
., $\cdot$ . ’
$.\partial_{x_{!}}^{2}Q\mathrm{o}\simeq 2h^{2}\partial_{x_{1}}^{2}\phi$ (25)
(19)
$S_{2}=[ \frac{32}{63}R^{210}\text{ }-\frac{40}{63}(R\cot\alpha)\text{ ^{}7}+2\text{ ^{}4}+A(1)(\frac{8}{15}R\text{ ^{}6}-\frac{2}{3}\text{ ^{}\mathrm{s}_{\mathrm{c}}}\mathrm{o}\mathrm{t}\alpha)+2\text{ ^{}2_{A}(}2)]\partial_{x}2\emptyset 1$
$+ \tilde{W}[\frac{40}{63}R\text{ ^{}\tau_{+\frac{2}{3}\text{ }}3}A^{(}1)]\partial^{4}\phi x\iota+O(\epsilon^{2})$
.. $\cdot$ .
(26)
$A^{(1)}=- \cdot\frac{l\mathrm{U}}{21}R\text{ ^{}4}$ , $A^{(2)}.=-\text{ ^{}2}$ (27)
(15)
$\hat{L}=1-\frac{20}{21}R\text{ ^{}4}\partial_{x}-\text{ ^{}22}\partial_{x}$ (28)
(18)
$S_{1}=Q_{1}- \frac{20}{21}R\text{ ^{}4}\partial_{x_{1}}Q_{0}=\frac{2}{3}[-\frac{72}{35}Rh^{6}\partial_{x_{1}}$ $-(\cot\alpha)\text{ ^{}3}\partial_{x}1$ $+\tilde{W}\text{ ^{}3}\partial_{x_{1}}^{3]}\text{ }$ (29)
(16) {12)
$\hat{L}Q=\frac{2}{3}[\text{ ^{}\mathrm{s}_{-\frac{72}{35}R\text{ }}6}\partial x\text{ }-(\cot\alpha)h3\partial_{x}\text{ }+W\text{ ^{}3}\partial_{x}3\text{ }]$ (30)
( $\mu$ ) $Q$
. $\cdot$
(30) (13) $Q$




$\partial t\text{ }-\partial_{x}(\text{ ^{}2}\partial_{x}\partial_{t}\text{ })+\frac{2}{3}\partial_{x}(\text{ ^{}3})=\partial_{x}\mathrm{A}$ (32)









2 (31) Salamon $ei$ . $al$
Navier-Stokes [11] Liu et. $al$ $[17, 18]$
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(31) $\partial_{x}=\partial_{\zeta}$ , $\partial_{t}---c\partial_{\zeta}$
$c$ $u$
(-\infty ) $=h(+\infty)=1$ [10]
Gjevik [6] (1) Nakaya [8] ( )
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$\alpha=\pi/2,$ $i^{7}$ $W=90$ R $0$
1 $c$ $(R=R_{\mathrm{c}}=0)$
$R=1.5$ Gjevik
$R=2.2$ ( ) Nakaya
$R=1.6$ (31)














(x $=0$ ) $=H(t)$ , $[\partial_{x}+2\text{ ^{}2}\partial x]$ (x $=0$ ) $=0$ (34)




$(\alpha=\pi/2)$ $=0.195\mathrm{m}\mathrm{m}$ 2( )






[ ] Kapitza $\alpha=\pi/2$ , $R=91,$ $\theta$ $W=76.4$
$h_{0}=0.195\mathrm{m}\mathrm{m}$ [ ] Liu et al.






Liu et al. [17]
$=1.12\mathrm{m}\mathrm{m}$ $R=23,$ $W=62$
$\alpha=0.08$ rad $(=4.6^{\circ})$ 2( ) $\epsilon=0.03,$ $f=$ 1Hz
3 (a) 2( )
$(f=1\mathrm{H}\mathrm{Z})$ $f=3\mathrm{H}\mathrm{z}$
(b) (c) $f=5\mathrm{H}\mathrm{z}$
( ) Liu et al. ( [17] Fig 15 )
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$\mathrm{f}=5\mathrm{H}\mathrm{z}$
1100 1200 1300 1400
$\mathrm{X}1^{\mathrm{m}\mathrm{m}}1$
3:




( [18] Fig 12 )
4 \alpha $=0.14\mathrm{r}\mathrm{a}\mathrm{d}(=8^{\mathrm{o}})_{\text{ }}$
$h_{\mathit{0}}=1.15\mathrm{m}\mathrm{m}$ $P$ $R=26,$ $W=35$ $(\epsilon=0.01, f=2.5\mathrm{H}_{\mathrm{Z}})$
\epsilon $=0.3$
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4: \alpha $=0.14$ ,
$h_{0}=1.15\mathrm{m}\mathrm{m}$ $R=26,$ $W=35$ 0.1
0. $5\mathrm{m}\mathrm{m}$





( 3 ) 1















(28) $=$ 0 $=1$
$U$) $\hat{L}\phi=F(x)$ –
















Stokes Chang et al. [22]
$\mu\sim(WR)-1/3$ , $\delta_{\mathrm{C}\mathrm{h}\mathrm{a}\mathrm{n}}\sim\mu R\sim 1\epsilon$ ’ $\epsilon_{\mathrm{C}\mathrm{h}\mathrm{a}\mathrm{n}\mathrm{g}}\sim\mu^{2}\ll 1$
Navier-Stokes $\epsilon \mathrm{c}\mathrm{h}\mathrm{a}\mathrm{n}\mathrm{g}$ $\#\mathrm{h}\epsilon \mathrm{c}\mathrm{h}\mathrm{a}\mathrm{n}\mathrm{g}$
$R(\partial_{t}+u\partial_{x}+.w\partial_{z})u=-2\partial_{x}(h\cot\alpha-W\partial^{2}xh)+2+\partial_{z}^{2}u$ (36)
$u|_{z=0}=0$ , $\partial_{z}u|_{z=h}=0$ , (37)
( [22] ) $\partial_{t}=-c\partial_{x}$
.
Oseen
$(u\partial_{x}+w\partial_{z})u\simeq U\partial_{x}u$, $U= \frac{}1}{\text{ }\int_{0}^{h}udz$ (38)
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(13)
$ch+Q=(-C+U)\text{ }=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{S}\mathrm{t}$ . $=-A$ (39)
$U$ (36) $\iota$
$- \lceil\partial_{z}^{2}+\frac{AR}{h}\partial_{x}1u=2-2\partial_{x}$ ( $h\cot\alpha-W\partial_{x}^{2}$ ) (40)
$|h-1|..\ll..1$ (40)
(37) 1 . .
$u=u_{0}+ \sum_{k}B_{k}\exp\frac{\pi^{2}k^{2}}{4AR}x\sin\frac{\pi k}{2}z$ , $u_{0}.=.2z-z^{2}$ (41)
$AR$ $A\sim 1$
(31) (35) – $A\sim R^{\gamma}$ $\gamma<-1$
$\grave{\grave{\mathrm{a}}}$ (39)
$-1$ $u$ ., .
Navier-Stokes (36)
\mbox{\boldmath $\gamma$}\sim $0$




(36) .. ., . $\cdot$
(41) $k=1$ $u0$ ( 0.999
– ) Prokopiou et al. [23]





$B_{1}$ (28) 2 (36)
$O(\epsilon \mathrm{c}\mathrm{h}\mathrm{a}\mathrm{n}\mathrm{g})$ (43) $\text{ }\partial_{x}^{2}Q$
(16) . $\cdot$ , , .











$\text{ _{ }}$ [23]
[19]
$-$







0 , $x$ , z O $u$ , w $U$ $t$ o/U






$\partial_{z}u|_{z=h}=-\partial_{x}w|_{z=}h^{+\partial_{x}|_{zh}}u4=\partial_{x}h+[\partial_{z}u+\partial x]w|z=h(\partial_{x}\text{ })^{2}$ (48)






$\Sigma=\frac{[1-(\partial_{x}\text{ })2]\partial_{x}^{2}\text{ }{[1+(\partial_{x}\text{ })2]\mathrm{s}/2}}$ , $Q= \int_{0}^{h}udz$
R \theta W
$R= \frac{U\text{ _{}0}}{\nu}=\frac{(g\sin\alpha)\text{ }0^{3}}{2\nu^{2}}$ , $W= \frac{T}{(\rho g\sin\alpha)\text{ }\mathit{0}^{2}}$
0 0 $R$




$\partial_{x}=\mu\partial_{x_{1}}$ , $\partial_{t}=\mu\partial_{t_{1}}+\mu^{2}\partial_{t_{2}}+\cdots$ ,
$u=u_{0}+\mu u1+\mu u2+2\ldots$ , $w=\mu w_{1}+\mu^{2}u_{2}+\cdots$ , $p=p_{0}+\mu p_{1}+\mu p_{2}2+\cdots$
$\partial_{z}$ 0(1) $R\sim|R-R_{c}|\sim 0(1)$
\mu
$\mu\sim k$ $\sim\sqrt{\frac{R-R_{\mathrm{C}}}{W+O(1)}}$









$Q_{1}= \int_{\mathit{0}}^{h}u_{1}d_{Z}=\frac{8}{15}R\text{ ^{}6}\partial_{x_{1}}$ $- \frac{2}{3}(\cot\alpha)\text{ ^{}3}\partial x_{1}$ $+ \frac{2}{3}\tilde{W}\text{ }3\partial 3\text{ }x_{1}$
. :. (55)
$Q_{2}=R^{2}[ \frac{1016}{315}\text{ ^{}9}(\partial_{x_{1}}\text{ })2+\frac{32}{63}\text{ }10\partial 2\text{ }]x1-(R\cot\alpha)[\frac{32}{15}\text{ ^{}6}(\partial_{x_{1}}\text{ })^{27}+\frac{40}{63}\text{ }\partial^{2}\text{ }x_{1}]+\frac{14}{3}\text{ }\mathrm{s}(\partial_{x}h)12$
$+2\text{ ^{}42}\partial_{x_{1}}$




$Q=Q_{\mathit{0}}[\text{ }]+\mu Q.1[\text{ }, \partial_{x}\text{ }]1+.\mu Q22$ [$.h,$ $\partial x_{\text{ }x1}h,$$\partial 2$ ]+O $(\mu^{3})$ (57)
(53) (55) $(56)$ $\mu\partial_{x_{1}}=\partial_{x}$ , $\mu^{-2}\tilde{W}=W$







$f=g\psi$ $g$ g \psi
$\{b_{j}\}$ $f$







(61) $\#\mathrm{h}\psi$ Pad\’e ( $(m,$ $n)$ -Pad\’e ) $k$
$m+n$ k
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